We have studied the capillary spreading of a Newtonian liquid along hydrophilic microstripes that are chemically defined on a hydrophobic substrate. The front of the spreading film advances in time according to a power law xϭBt 1/2 . This exponent of 1/2 is much larger than the value 1/10 observed in the axisymmetric spreading of a wetting droplet. It is identical to the exponent found for wicking in open or closed microchannels. Even though no wicking occurs in our system, the influence of surface curvature induced by the lateral confinement of the liquid stripe also leads to an exponent of 1/2 but with a strongly modified prefactor B. We obtain excellent experimental agreement with the predicted time dependence of the front location and the dependence of the front speed on the stripe width. Additional experiments and simulations reveal the influence of the reservoir volume, liquid material parameters, edge roughness, and nonwetting defects. These results are relevant to liquid dosing applications or microfluidic delivery systems based on free-surface flow.
I. INTRODUCTION
The kinetics of capillary phenomena such as spreading, wetting, wicking, and imbibition control the quality of liquid film deposition in numerous applications like coating, painting, printing, and lubrication. Several decades of work ranging from theoretical analysis and molecular dynamics simulations to time resolved ellipsometric studies have elucidated how intermolecular forces control the spreading and flow of thin films ͓1-3͔. Nowadays, the study of capillary phenomena and microfluid dynamics is regaining attention as technological advances facilitate the miniaturization of devices for chemical analysis or medical diagnostics. The chemical patterning of substrates or closed channels into regions of mixed wettability has introduced interesting approaches for fluid migration and flow control in confining networks.
The capillary spreading of a liquid droplet on a smooth and chemically homogeneous surface has been investigated extensively. Tanner ͓4͔ first measured the radial advance of a completely wetting droplet of a Newtonian liquid on a smooth substrate and found r(t)ϳ(␥/ ⍀ 3 t) 1/10 where ␥ is the liquid surface tension, the liquid viscosity, and ⍀ the droplet volume. He also confirmed this result with a quasistatic hydrodynamic model. Later studies revealed that for completely wetting liquids, the contact line is preceded by a thin precursor film of molecular dimensions ͓5-7͔ whose evolution follows diffusion dynamics according to Kt 1/2 . The prefactor K was found to depend on the liquid's molecular weight and the relative humidity ͓7͔.
The spreading rate of liquids on corrugated surfaces can be enhanced by capillary migration and wicking into narrow surface grooves. Various experimental and theoretical studies have explored liquid advances on a surface with random or periodic grooves both parallel and perpendicular to the direction of spreading ͓8-18͔. These studies have shown that completely wetting liquids spreading along streamwise oriented grooves follow Washburn-type dynamics, ͓20͔ wherein the liquid front advances as t 1/2 . Hydrodynamic modeling of wicking into a surface groove of arbitrary and constant cross section confirms this exponent and reveals that the front speed as a function of distance is proportional to the groove depth ͓12,15͔.
In this paper we consider the spreading of a Newtonian liquid on smooth and flat but chemically micropatterned surfaces. The patterns consist of narrow hydrophilic stripes on a hydrophobic background. The liquid is confined to these hydrophilic areas and does not spread onto the hydrophobic regions. Our experiments show that the liquid front advances in time as t 1/2 despite the fact that no capillary wicking occurs. Moreover, the front speed as a function of position is found to depend on the fourth power of the stripe width. This is a significantly stronger size dependence than observed for liquids spreading in capillary tubes or along surface grooves. We develop a hydrodynamic lubrication model, which shows that the dynamics are dominated by the transverse curvature of the air-liquid interface. The results derived for the spreading exponent and the dependence on stripe width and liquid volume are in excellent agreement with experiment.
were coated with a self-assembled monolayer of 1H-1H-2H-2H-Perfluorooctyl-trichlorosilane ͑PFOTS, Fluka͒ ͓21,22͔.
The hydrophilic patterns were defined with photolithography and reactive ion etching in a Plasmatherm 790 using oxygen plasma for 12 min (O 2 flow rate 39 SCCM, pressure 100 mTorr, power 40-70 W͒. Since the thickness of the monomolecular PFOTS coating is only about 2 nm, the substrate presents a practically flat surface to the oncoming liquid flow. The masks used for photolithography were printed with a commercial image setter. The stripe edges showed a roughness and waviness of amplitude on the order of 5 m, which is far smaller than the stripe width. The hydrophilic patterns consist of square-shaped reservoir pads 5 mm in width, which are connected by 26-mm long hydrophilic stripes. The stripe width w ranged from 100 to 800 m. The sample layout is depicted in Fig. 1 .
The liquid used in this study was polydimethylsiloxane silicone oil DC200 ͑Fluka͒ of viscosity ϭ20 mPas. The surface tension ␥ is 20.6 mN/m and the density is 954 kg/m 3 . Liquid droplets were deposited on the reservoir pad with a Hamilton digital syringe with a volume resolution of 0.1 l. The spreading front was tracked with an Olympus BX-60 microscope equipped with a CCD camera and a green passband filter centered about 537 nm. The leading edge of an advancing rivulet was imaged via optical fringes resulting from interference between the air-liquid interface and the solid substrate. To maintain isothermal conditions, the substrates rested on a solid metal block and the light source was equipped with an infrared cutoff filter.
III. THEORETICAL DESCRIPTION

A. Horizontal capillaries-the Washburn equation
For a Newtonian liquid wicked into a small circular capillary of radius R, the meniscus shape closely approximates a spherical cap of radius R/cos , where represents the advancing contact angle assumed constant. The meniscus curvature lowers the pressure in the liquid phase by ⌬p ϭ2␥ cos /R. There exists a pressure difference, therefore, between the inlet and the meniscus front given by 2␥ cos /R. The balance of this wicking pressure against the viscous drag on the wall produces a radially averaged velocity profile given by ͗u͘ϭ(R 2 /8) (⌬ p/x) , where x represents the advancing meniscus position along the capillary. , where d is the depth of the surface groove and KЈ(,␣) a geometric factor, which depends on the advancing contact angle and the apex angle ␣ of the groove. Despite the nonenclosed geometry and the free-surface flow, the t 1/2 behavior and the linear dependence on the characteristic dimension persist.
This result may seem surprising at first, since the flow field in a closed capillary differs significantly from the velocity profile of liquid in a surface groove that maintains a free and deformable surface. However, the t 1/2 kinetics are robust so long as the pressure difference ⌬ p driving the flow is independent of the meniscus position. Deviations to the t 1/2 scaling, especially for early times, can result from a variation of the advancing contact angle with the speed of the wetting line, from changes in the groove geometry and from inertial and streamwise surface curvature terms, which decay quickly as t increases ͓14͔.
C. Capillary spreading along hydrophilic stripes
In the following we consider the capillary spreading of a Newtonian liquid confined to flow on a hydrophilic microstripe residing on a hydrophobic background. Referring to ously flows from the reservoir along the microstripe thereby relaxing the advancing contact angle toward its static equilibrium value eq . In our case eq is zero, such that the liquid will continue to spread until it covers the entire hydrophilic surface area. Hosking et al. have also studied capillary spreading in a similar geometry of comparable size. However, they considered the more complex problem of a multicomponent liquid solder reacting with the copper surface during spreading ͓19͔.
We first discuss the asymptotic solution for the liquid surface profile that describes the final equilibrium configuration. We then derive the equation governing the dynamic evolution of the liquid stripe and solve it using a self-similarity transformation.
Asymptotic solution
A liquid droplet deposited on a reservoir pad will adopt a surface with mean curvature 2/R r , where R r is its radius of curvature. If the stripe width is much smaller than the reservoir size, drainage into the stripe can be neglected, and R r remains essentially constant in time. In the asymptotic limit, the system maintains a constant capillary pressure throughout the liquid. Consequently, the cross sectional profile in the channel is a sector of a circle with apex height h ϱ . Moreover, the radius of curvature R c is constant along the hydrophilic channel ͓see Fig. 2͑a͔͒ . Assuming gravitational effects to be negligible, the condition of constant mean curvature further requires that 2/R r ϭ1/R c . For small values of s ͓see Fig. 2͑b͔͒, h In our experiments, the width of the reservoir pads is 5 mm, which is larger than the capillary length for silicone oil l c ϭͱ␥/gϷ1.5 mm. Hence, the condition of constant pressure is actually not equivalent to the condition of constant curvature. For length scales exceeding l c , the gravitational pressure must be taken into account. In this case, the relation 2/R r ϭ1/R c is replaced by p(0,0)ϭ␥/R c , where p(0,0) is the sum of the capillary and hydrostatic pressure at the bottom of the reservoir pad. This relation clearly does not affect the square dependence of h ϱ on the stripewidth ͓Eq. ͑2͔͒ as also verified by numerical simulations using SURFACE EVOLVER ͓26͔.
Evolution equation
In what follows, we consider flow along microstripes for which the Bond number Boϭgw 2 /␥Ӷ1 and the capillary number Caϭ͗u͘/␥Ӷ1. In addition, the stripe width w is much smaller than the reservoir size and consequently, the liquid height on the stripe is much smaller than w. For well developed flow such that the distance spread, L, is much longer than the stripe width w, the transverse and vertical components of the velocity, u y and u z , are negligible. In this lubrication approximation, ͓27͔ volume conservation determines the evolution of the liquid cross-sectional area A according to
where ‫ץ‬Q/‫ץ‬x is the longitudinal gradient of the volumetric flow rate Q. For liquids with low vapor pressure under isothermal conditions, the mechanism driving spreading is the longitudinal capillary pressure gradient ‫ץ‬p/‫ץ‬x where pϷ Ϫ␥(‫ץ‬ 2 h/‫ץ‬x 2 ϩ‫ץ‬ 2 h/‫ץ‬y 2 ). Since the longitudinal curvature term is negligible for w/LӶ1, ‫ץ‬p/‫ץ‬xϷϪ␥‫ץ‬ 3 h/‫ץ‬x‫ץ‬y 2 . In the limit CaӶ1, there is no viscous contribution to the capillary pressure. In addition, the lubrication regime requires that u y ϳ‫ץ‬p/‫ץ‬yϭ0. Consequently, the transverse crosssectional profile of the liquid spreading along the hydrophilic stripe is a curve of constant curvature, i.e., an arc of a circle. The cross-sectional area A is therefore given by A(x) ϭ2͐ 0 w/2 h(x,y)dy, where h(x,y)ϭh c (x)(1Ϫ4y 2 /w 2 ) and h c (x) is the local apex height of the liquid rivulet. The boundary conditions of no slip at the stripe surface ͓u x (z ϭ0)ϭ0͔ and vanishing shear stress at the air-liquid interface ͓‫ץ‬u x /‫ץ‬z(zϭh)ϭ0͔ lead to a Poiseuille-like velocity profile
Ϫhz ͪ .
͑4͒
The volumetric flow rate is therefore given by
In analogy to the derivation of Eq. ͑2͒, the dominant contribution to the pressure gradient is given by 
͑7͒
Strictly speaking, this equation does not hold at the reservoir inlet, where the assumption of a shallow profile hӶw is invalid. Moreover, it does not hold close to the advancing contact line, since the flow field at the front is not strictly unidirectional and the longitudinal curvature cannot be neglected. However, Eq. ͑7͒ is expected to describe the flow in between these limits properly. h ϱ represents the apex film height at the stripe inlet in the asymptotic limit. This change of variables transforms the partial differential equation ͑7͒ into an ordinary differential equation
The boundary conditions are ⌽(0)ϭ1 and ͐ 0 ϱ ⌽dϽϱ. The second constraint, which is equivalent to the liquid volume being finite, requires that ⌽() maintain a value of zero beyond some limiting distance 0 . The numerical solution shown in Fig. 3 yields the value 0 Ϸ0.87. A close approximation to the exact numerical solution can be found by expanding ⌽() in a power series and solving Eq. ͑9͒ to first order. A comparison between this approximate form ⌽() ϭ(1Ϫ/ 0 ) 1/3 and the numerical solution is shown in Fig. 3 . The slope and curvature of these solutions have a singularity at the position of the contact line 0 that can be eliminated by consideration of a molecularly thin precursor film ͓1͔.
According to the similarity transformation in Eq. ͑8͒, the wetting front advances as xϭͱDt. This is the same time dependence as for a liquid wicking into a small capillary or surface groove. Again, the t 1/2 behavior reflects a constant pressure difference exerted over an increasing length L. The average streamwise velocity is therefore given by
Thus, the spreading speed, dx/dtϳw 4 , exhibits a strong dependence on the stripe width. Equation ͑10͒ also determines the dependence of the velocity on the volume V of liquid deposited on the reservoir pad. As pointed out in Sec. III C 1, h ϱ ϭh c (xϭ0) is inversely proportional to R r for pad sizes w r smaller than the capillary length l c . Since V ϳ1/R r ϳh ϱ , we therefore expect ͗u͘ to be proportional to the third power of the volume V 3 . For pad dimensions exceeding l c , as in our case, gravity noticeably flattens the profile of the air-liquid interface above the reservoir pad. The dependence of the hydrostatic pressure at the bottom of the reservoir pad is slightly less than linear in the liquid volume. SURFACE EVOLVER calculations gave the result p(0,0) ϳV 0.92 for a pad dimension of 5 mm. Consequently, we expect a dependence ͗u͘ϳV 2.76 .
D. Surfaces of constant capillary pressure
Once the liquid rivulet extends far into the channel, i.e., when Lӷw, the change in the capillary pressure ⌬p is small on a lengthscale ⌬xϷw. It is therefore a good approximation to regard the air-liquid interface locally as a surface of constant mean curvature. We have used the software package SURFACE EVOLVER ͓26͔ to study the influence of stripe edge roughness and nonwetting defects on the surface profile of liquids confined to narrow hydrophilic lines. Hydrostatic forces were included in all simulations, however, because of the small stripe width, their effect was negligible in comparison to the surface tension forces. The results of the simulations for wϭ500 m presented below can therefore be directly scaled down to smaller feature sizes.
Influence of stripe edge roughness
Due to the no-slip boundary condition, the streamwise velocity vanishes at the edges of the chemically patterned stripe defining the boundary between the hydrophilic and the exterior hydrophobic region. Microscopic roughness of these edges is therefore not expected to influence the flow dynamics significantly. The effect of edge irregularities on the surface profile of a liquid rivulet depends strongly on the wavelength spectrum. Figure 4 shows the longitudinal variation of the apex height for a liquid rivulet on a hydrophilic stripe of average width ͗w͘ϭ500 m and with a sawtooth edge corrugation of amplitude aϭ10 m. When the corrugation wavelength is much larger than the stripe width, the liquid height variation saturates at a value h max /h min ϭ(w max /w min ) 2 , provided the lateral liquid contact angle s is small. However, as the corrugation wavelength decreases below the stripe width, a highly nonlinear decay of the height variation is observed. The dependence of the height variation on the roughness amplitude a is linear for small values of a/͗w͘ as shown in the inset of Fig. 4 .
These results suggest that small amplitude edge roughness with a wavelength smaller than the average stripe width does not have any significant influence on the velocity or the surface profile of the spreading liquid. However, long range variations of the average channel width can manifest themselves in a noticeable modulation of the longitudinal height profile.
Influence of nonwetting surface defects
Contact line distortions due to the presence of surface heterogeneities and defects have been studied experimentally and theoretically by a number of groups ͓30-36͔. Neglecting gravity, Shanahan ͓35͔ studied the spatial decay of a localized contact line distortion for the case of a droplet with small equilibrium contact angle 0 . In the limit of large droplet radii r 0 , he derived the asymptotic form of the wetting
Ϫ1 ln(r 0 /͉x͉), where x denotes the coordinate axis perpendicular to the radial direction and f the localized force responsible for the distortion of the triple line. Joanny and de Gennes ͓30͔ had derived a similar result under slightly different approximations. According to this model, contact line distortions decay logarithmically on a length scale governed by the droplet radius. The prefactor of the logarithmic term is inversely proportional to 0 2 . We performed energy minimization simulations to determine the surface profile of a 3 mm liquid ribbon confined to a hydrophilic microstripe containing a small nonwetting circular defect. Figure 5͑a͒ shows the surface profile of a 500-m wide liquid ribbon with a 20-m diameter nonwetting defect located at the stripe center. The height profile decreases to zero at the perimeter of the defect. This reduces the effective apex height of the liquid rivulet to approximately one-half the undisturbed value far upstream or downstream of the defect. Figure 5͑b͒ shows longitudinal crosssections for three different values of the undisturbed liquid height h c . As can be seen, the decay length of the height profile is proportional to the width of the hydrophilic stripe but practically independent of h c . This result cannot be directly compared to Shanahan's results since his model describes the distortion of a contact line while ours considers the decay length of the film height in the vicinity of a dewetted spot. Figure 5͑c͒ shows three sets of transverse cross sections for three different values of the rivulet height h c . The dashed lines represent the unperturbed film heights far upstream of the defect. The solid lines show the liquid distortion in the vicinity of the defect. The contact angle at the periphery of the defect varies strongly with h c , potentially leading to a flooding of the defect if h c exceeds a critical value. This critical value increases with the ratio of the defect size to the channel width and the value of the advancing contact angle on the defect. Figure 5͑d͒ shows transverse cross-sections of the height profiles for defects displaced from the center towards the edge of the hydrophilic boundary. As the defect patch is shifted towards the edge, the apex height approaches the upstream value and the contact angle at the defect perimeter decreases. Defects that are located close to the stripe edges are therefore much less likely to be flooded than defects in the center of the channel.
It is expected that the presence of a small nonwetting defect on the spreading of a liquid rivulet along a hydrophilic lane should decrease the average height over a longitudinal interval ⌬xϷ2w, which in turn should increase the viscous drag in this region. Experimentally, we find that the spreading speed recovers its undisturbed value once the triple line has advanced a distance on the order of 2w past the defect location.
Front shapes of static liquid ribbons
We calculated the surface profile and the contact line shape for liquid ribbons confined to a 500-m wide stripe for different values of the equilibrium contact angle eq . Figure 6͑b͒ shows longitudinal cross sections of the height profiles for three values of eq ϭ5°, 10°, and 20°. As in the case of nonwetting defects, the length scale over which the height profile decreases to zero at the contact line is equal to the stripe width irrespective of eq . If eq is increased beyond these small values, the surface profile may develop bulges ͓37͔. For small values of eq , however, there is a linear relation between the maximum height and the contact angle.
The liquid-solid contact lines on a 500-m wide hydrophilic stripe for three values of ϭ10°, 20°, and 30°are shown in Fig. 6͑a͒ . Shown for comparison is a continuous line, which is a circular arc of radius 267 m. Interestingly, the shape of the wetting line is independent of the value of eq and indistinguishable from a circular arc except at the very edge of the hydrophilic/hydrophobic boundary.
IV. EXPERIMENTAL RESULTS
We have measured the front velocity of liquid rivulets spreading from reservoir pads onto hydrophilic stripes of widths ranging from 200 to 800 m. The velocity as a function of position was extracted from image sequences recorded with a CCD camera at defined time intervals. Experimental data are shown in Fig. 7͑a͒ . For distances x from the reservoir inlet larger than 5-10 mm, the curves follow a power-law behavior vϳx b with bϷϪ1. The timedependence x(t) can be extracted from v(x) by integration. Because xϳt ␣ is equivalent to vϳx 1Ϫ1/␣ , bϭϪ1 corresponds to a time dependence xϳt 1/2 in good agreement with the theoretical prediction in Eq. ͑10͒. Figure 7͑b͒ shows the spreading velocity at fixed positions x along the stripe as a function of stripe width. The strong dependence on stripe width-the experimental data indicate a power-law relation vϳw with 3.84ՇՇ3.99-is also in excellent agreement with the prediction of Eq. ͑10͒. The size dependence indicates that the spreading process of the liquid rivulets is governed by the proposed hydrodynamic mechanism. Figure 8 shows a comparison of the front shapes of a rivulet spreading in a 500-m wide channel when close to the inlet ͑left image͒ and close to the end ͑right image͒ of the channel. The difference in the spreading velocities is approximately a factor of 10, yet the shape of the contact line is almost identical. Unfortunately, our optical interferometry setup cannot visualize the liquid-solid contact line directly. The first dark interference fringe occurs at a liquid thickness of /4n, where is the wavelength of the light and n the refractive index of the liquid. The advancing contact anglereflected in the spacing of the interference fringes-is smaller in the right image, such that it appears shifted downwards relative to the left image. The continuous line superimposed on the images in Fig. 8 is a circular arc. Its shape is a good approximation to the contact lines except for the regions close to the stripe edges. The radius of the circular arc is approximately 350 m, i.e., larger than the value found for static rivulets. Figure 9 shows the spreading front of two liquid rivulets on a 400-and 800-m wide hydrophilic lane. From a comparison of the two images we deduce that the shape of the spreading contact line is practically identical despite the significant difference in the stripe width. Figures 8 and 9 reveal the velocity and size invariance of the contact line shape, which confirms that the liquid height profile is governed by the local capillary pressure in accordance with Ca and Bo being small for our system. Figure 10 shows the spreading speed of a liquid rivulet at several distances from the inlet as a function of the volume deposited on the reservoir pad. The width of the channel was 700 m. As can be seen, the velocity follows a power law vϳV with an exponent ϭ2.65Ϯ0.1, independent of the distance from the reservoir. This numerical value is again in good agreement with the theoretically predicted exponent of 2.76.
V. SUMMARY
The spreading of a Newtonian liquid along hydrophilic microstripes exhibits the same xϳt 1/2 dependence as a liquid FIG. 7 . ͑a͒ Experimental dependence of the spreading velocity v on the distance from the reservoir inlet x. All measurements indicate a power-law behavior vϳx ␤ for x exceeding several millimeters. The curves are labeled by the stripe width and the fitted exponent ␤. ͑b͒ Dependence of the velocity on the width of the channels for two different samples. The fitted exponents are 3.84 and 3.99. spreading into a narrow groove despite the absence of capillary wicking. In analogy to wicking phenomena, however, the spreading kinetics is still governed by the same mechanism, namely, the existence of a constant pressure difference acting over an increasing distance. The predominance of the transverse curvature of the air-liquid interface increases the size dependence of the spreading velocity.
The influence of stripe edge roughness on the liquid profile critically depends on the roughness wavelength . High frequency variations, where is smaller than the average channel width, are significantly damped, whereas long range fluctuations can induce noticeable liquid height variations. Small nonwetting defects on the hydrophilic lanes alter the height profile of the liquid over a length scale equal to the width of the channel, and do not significantly affect the x ϳt 1/2 spreading dynamics in the limit of long distances.
